Vertical-radar profiles (VRPs) and neutron porosity logs were acquired at two sites in New England -Haddam Meadows State Park in Connecticut and Massachusetts Military Reservation on Cape Cod. Both sites include boreholes drilled to depths from 30 to 50 meters into unconsolidated fluvial or glacial sediments. The VRP data are inverted using Tikhanov regularization to obtain interval radar propagation velocities. Of the two sites, the radar velocities at Haddam Meadows State Park show more variability with depth because this site consists of poorly sorted fluvial sediments, whereas the radar velocities at Cape Cod show much less variability because this site consists of well-sorted glacial sediments.
Introduction
Vertical-radar profiling (VRP) provides a detailed profile of radar propagation velocity with depth in a borehole. VRP data acquisition and analysis is similar to vertical seismic profiling (VSP). VSP has been used for many years in the petroleum industry, primarily to calibrate surface seismic reflection data (Hardage, 1985) . VSP also has been used for obtaining interval seismic velocities using travel-time inversion (Stewart, 1984) . Until recently, the cost of borehole radar instrumentation has made common use of VRP prohibitive, but commercial manufacturers have now introduced lower-cost borehole radar systems. As a result, VRP has been used for different applications, including archeology (Zhou and Sato, 2000) and physical property estimation (Knoll and Clement, 1999 ).
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VRPs are collected by recording the direct radar-wave arrivals with the borehole-radar transmitting antenna located on the surface and the receiving antenna located in the borehole. The travel-times of the direct arrivals are inverted to give interval radar propagation velocity as a function of depth. Based on the radar propagation velocity, the dielectric permittivity variation with depth is then calculated. Using a couple of simple petrophysical relations given below, porosity values are derived from the dielectric permittivity values.
In this paper, the VRP method is demonstrated using data collected at two sites in New England -Haddam Meadows State Park (HMSP) in Connecticut and Massachusetts Military Reservation (MMR) on Cape Cod. The lithologies of the two sites show different amounts of grain-size heterogeneity. To assess the reliability of the material property estimates, the VRPderived porosities are compared to porosity values determined from neutron logging. The results suggest that the VRP method can provide accurate, high-resolution porosity estimates at borehole locations.
Vertical-Radar Profiling Data Collection
VRP data were collected in July 2001, in one borehole each at HMSP and at MMR. HMSP is located in south-central Connecticut, along the Connecticut River. Based on drilling tailings, the lithology at HMSP consists of river-deposited unconsolidated, poorly sorted, interbedded coarse, medium and fine sands with very little silt or clay (House and others, 1995) . Data were collected in borehole JL-3. MMR is located on Cape Cod where the Cape meets the mainland. Based on lithologic logging, the lithology at MMR consists of well-sorted homogeneous unconsolidated medium to coarse sands (LeBlanc, 1984) . Data were collected in borehole FSW-626E.
In the field, VRP data are acquired using a Malå Geoscience 1 RAMAC/GPR system with 100 MHz borehole antennas. The radar system uses fiber optic cables to connect the antennas with the control unit and, thus, eliminate cross talk and standing electromagnetic (EM) waves in the borehole. The transmitting antenna is placed on the ground surface and oriented radially to the borehole axis to minimize polarization mismatch with the receiving antenna. The transmitting antenna is not moved during the course of the VRP survey. The center (feedpoint) of this antenna was 1.01 meters (m) from the borehole axis. The receiving antenna is located downhole to insulate it from sources of cultural EM noise. Depths below measurement point are referenced to the feedpoint of the receiving antenna. The receiving antenna is lowered manually but continuously by a single operator down the borehole with a trace collected every five centimeters (Figure 1 ). An optical depth encoder tracks the antenna depth and triggers the control unit. Each trace is stacked 64 times to improve the signal to noise ratio.
Vertical-Radar Profiling Data Processing
The VRP data are the amplitude (voltage) of the EM energy as a function of time for each receiver depth (or source-receiver offset). Our goal is to determine the arrival-time of the energy that propagates directly through the subsurface from the transmitter to the receiver. As the radar system is an imperfect recording device there are systematic errors in the amplitude and timing of direct arrivals. The data are processed to reduce these errors.
To ensure accurate radar propagation velocity estimates, compensated sampling frequency and time-zero corrections are applied to the data. The corrections account for sampling mismatch and lag time of the radar system electronics. Using a surface walk-away acquisition geometry and the known speed of light, the compensated sampling frequency is calculated by adjusting the slope of the airwave arrival time versus antenna offset relation. The compensated sampling frequency converts the sample number of the direct arrival pick to the true arrival time. Then, the time-zero correction for actual pulse onset is calculated by timing the airwave arrival at different offsets and extrapolating the time of this arrival to a zero offset.
In addition to the corrections above, the following processing steps are applied: the trace headers are edited to insure correct transmitter and receiver antenna positions and associated offset, the direct-current bias is removed on a trace-by-trace basis to facilitate wiggle trace plotting, and the automatic gain control is applied to improve the display of the first arrivals. The direct-current bias is a systematic error in recorded amplitude values that results in the data not having a zero mean voltage.
To select the travel-times of the direct arrivals, the first peak of the energy onset is picked. First peaks are picked rather than first breaks because first peaks are identified more confidently. Error in picking occurs when the phase of the signal onset waveform changes or when the signal to noise ratio increases. Because of signal to noise limits, the HMSP data were picked down to 22 m, and the MMR data were picked down to 27 m.
Inversion for Radar Interval Velocities
Following direct arrival picking and travel time corrections, the travel time and antenna position data are inverted to obtain interval velocity values with depth down the borehole (Figures 2 and 3) . The velocity inversion process consists of two steps -forward modeling and then inversion. The forward model in the first step computes the ray paths between the transmitter and the receiver positions. To linearize the inverse problem, the ray paths are approximated with straight rays, a valid assumption for long rays traveling below the water table, and each layer is assigned a constant velocity and thickness. Instead of arbitrarily choosing the layer thickness, we use Akaike information criterion (AIC) to find the optimal number of layers (Clement, in review) . AIC includes the number of model parameters (layers) to determine the goodness of fit. Including the number of model layers balances the trade-off between improving the data fit with more parameters and over-fitting the data and its noise. As a result of the optimization, the subsurface is modeled as 0.5-m thick horizontal layers. In the second step weighted-damped least-squares with Tikhanov regularization is used to invert the data. The routine uses the pseudo-inverse, based on singular-value decomposition, to find the inverse of the over-determined system of equations. The regularization trade-off is adjusted until the residual error normalized by the degrees of freedom (data minus parameters) approaches one or slightly greater then one.
Estimation of Porosity
Previous researchers have used surface and borehole ground-penetrating radar (GPR) data to estimate hydraulic properties (Greaves and others, 1996; Hubbard and others, 1997). In this paper, the inverted interval velocities (v) are used to calculate dielectric permittivities (K), using equation 2, the speed of light constant (c), and assuming low loss (Greaves and others, 1996) .
Next, two simple petrophysical models are used to convert the dielectric permittivity values (K) to porosity (θ) values -the Topp equation (2) 
Because TP is a mixing model, the saturated subsurface at the two study sites is modeled as a two-phase system, which is assumed to consist of fresh water and sand matrix components. No other components, such as clays or metallic minerals are considered. To ensure a good fit, the fresh water dielectric permittivity (K water ) is assumed to be 81, whereas the sand matrix dielectric permittivity (K matrix ) is assumed to be 8. The Topp equation is an empirical relation, and does not account for subsurface lithology or minerology.
The VRP-derived porosities for both sites are compared to porosities estimated from neutron logs collected at both sites. The neutron logs also were collected in July 2001. Full saturation is assumed, so only data below the water table are plotted. A conventional neutron porosity probe records the rate at which neutrons from a source on the probe are scattered back to one or more detectors (Hearst and others, 2000) . The measured backscatter count rate is inversely proportional to the total water content in the region surrounding the probe. A dualdetector neutron probe designed to reduce sensitivity to the presence of water in the borehole and calibrated at the American Petroleum Institute neutron calibration pit (Hodges, 1988 ) was used for this study. The neutron log data were collected in 0.1-foot intervals, but were smoothed with an eleven-point moving average to yield about a 1 foot volume of investigation.
For the MMR borehole, the combined plots of VRP-derived and neutron-log porosity values show only small variations with depth (Figure 4) . The means of both the VRP-derived and neutron-log porosity values are similar. No general trend of increasing or decreasing porosity down the borehole is observed. The maximum and minimum porosity values for both the VRP-derived and neutron-log are similar but do not correlate with depth. Porosity trends for both the VRP-derived and neutron-log values do correlate over several intervals. For example, the trend in porosity on the neutron-log from 11 to 13 m below measurement point (BMP) also is seen in the Topp and TP porosity estimates. Other correlated trends in porosity occur from 15 to 17 m, and from 18 to 21 m BMP. Porosity values for the VRP-derived and neutron-log do not correlate over several other intervals, including those from 9 to 11 m BMP, from 21 to 22 m BMP, and from 24 to 25 m BMP. In these cases the porosity trends are of opposite magnitudes.
For the HMSP borehole, the combined plots for the VRP-derived and neutron-log porosity values show more variation with depth ( Figure 5) . Nevertheless, the means of both the VRP-derived and neutron-log porosity values are similar. A general trend of increasing porosity with borehole depth down to 13 m BMP is observed. The minimum porosity values for both the VRP-derived and neutron-log are similar but do not correlate with depth. A couple of zones of anomalously high values for VRP-derived porosity exist. Porosity trends for both the VRPderived and neutron-log correlate over several intervals, including from 5 to 6 m BMP, from 7 to 10 m BMP, from 13 to 15 m BMP, and from 16.5 to 17.5 m BMP. Porosity trends for both the VRP-derived and neutron-log do not correlate over several other intervals, including those from 10 to 13 m BMP, from 15 to 16.5 m BMP, and from 19 to 20 m BMP. At both sites, the Toppderived porosities tend to be about 10 percent higher than the TP-derived porosities because each model is derived based on a different set of empirical data and mixing laws.
Concluding Discussion
Overall, a correlation is present between the VRP-derived and neutron-log porosity estimates for boreholes at the HMSP and MMR sites. Porosity differences between VRP-derived and neutron-log values can be explained by the discrepancy between the sample volumes of the two methods and by the limitations in the models used to convert dielectric permittivity to porosity. In typical sediments with typical saturated porosity values (5-50%), the neutron log sample volume is about 0.8 m in diameter (Hearst and others, 2000) . In contrast, the VRP sample volume is integrated from the land surface down in 0.5 m layers. The VRP measures properties more strongly on one half of the borehole, whereas the neutron log averages data from around the borehole.
Limitations in the petrophysical models, such as an oversimplified lithology or mineralogy model of the subsurface, may cause an incorrect conversion from dielectric permittivity to porosity. Differences between the model-derived porosities and the neutron-log porosities may be explained by variations in the dielectric permittivity of the matrix material that were modeled incorrectly rather than by the change in the magnitude of porosity with depth. Nevertheless, the effect of variable mineralogy on the measured dielectric permittivity of sediments is only second-order and is therefore not very significant.
To better address the issue of correlation of VRP-derived porosities and neutron-log porosities, a controlled test is needed. As part of the controlled test, porosity values can be independently measured over a range of different volume scales.
Because of more rigorous drilling practices used at the MMR borehole, less anomalous values are observed in the VRP-derived and neutron-log results. The borehole was drilled by minimizing the size of the auger-disturbed zone and by filling the borehole annulus with native sand collapse material against the screen and casing. The borehole construction at HMSP was not as rigorous as at MMR, and therefore the borehole annulus may have been washed out during drilling or not back-filled with native collapse material. This problem may be responsible for the anomalously high VRP-derived porosities.
Due to decreased disturbance of the annular space during borehole drilling at MMR, the porosity data correlated better at this site then at HMSP. Another explanation for the discrepancy in porosity value variation with depth is that the material at HMSP has a very heterogeneous grain-size distribution, whereas the material at MMR has a fairly homogeneous grain-size distribution (House and others, 1995; LeBlanc, 1984) . In a previous study at the Boise Hydrogeophysical Research Site, the VRP-derived and neutron-log porosity data correlated well following a smooth trend with depth (Knoll and Clement, 1999) . The smaller-scale porosity variations observed in the neutron logging did not correlated with the VRP-derived data. At this site the more rigorous drilling practices were also applied.
The advantages of deriving porosities from VRP data include the decreased cost and ease of data acquisition, and simple processing and inversion routines. Sources of error in using the VRP data include inaccurate picks of first arrivals and non-uniqueness between material porosity and material dielectric permittivity estimates. Neutron-log porosities more directly measure the material porosity but are expensive, have an added risk because of the radioactive source, and are sensitive to variations in borehole construction. 
